The main objective of the present work was to determine whether the regulation of ACh release by nicotinic and muscarinic autoreceptors is compromised in the aged rat brain. For this, the effects of the nicotinic agonist Kmethylcarbamylcholine (MCC) and the muscarinic-M, antagonist AF-DX 116 on ACh release from brain slices of young (3-monthold), adult (g-month-old), and aged (27-month-old) rats were tested. The ability of MCC to enhance spontaneous ACh release in hippocampal, cerebral cortical, and cerebellar slices was only modestly altered with age. In contrast, the sens,itivity of muscarinic autoreceptors in the aged hippocampus and cerebral cortex, but not the striatum, to blockade by the muscarinic-Mn, antagonist AF-DX 116 was severely attenuated.
To assess whether the age-related changes in cholinergic autoreceptor function may be due to deficits in presynaptic cholinergic markers, we tested whether choline acetyltransferase (ChAT) activity, basal and evoked ACh release, and nicotinic and muscarinic binding sites are altered in the aged rats. ChAT activity in forebrain regions was decreased in the aged compared to the young and mature adult rats. Furthermore, the potassium-evoked, but not the spontaneous, release of ACh was markedly depressed in striatal, hippocampal, and cortical slices of aged rats. The densities of nicotinic and muscarinic-M, binding sites, assessed using 3H-MCC and 3H-AF-DX 116 as selective ligands, respectively, were markedly reduced in homogenates of the striatum, hippocampus, cerebral cortex, and thalamus of aged rats. In contrast, muscarinic-M, sites, selectively labeled with 3H-pirenzepine, were not affected. Therefore, it appears that age-related decrements in ChAT activity and in muscarinic-M,, but not nicotinic, binding sites in the rat brain are reflected in a decreased function of muscarinic-M, autoreceptors. However, the positive correlation between loss of ChAT activity, decreased muscarinic-Mn, binding sites, and impaired muscarinic autoreceptor function is clearly tissue dependent.
Evidence from measures on human and animal tissues indicates that deficits in pre-and postsynaptic neurochemical markers are prominent in the brain in response to aging and age-related disorders (see reviews by Candy et al., 1986; Decker, 1987) . Because dysfunctions of cortical and hippocampal cholinergic processes in Alzheimer's disease appear to be associated with severe memory impairments (see Bartus et al., 1982) , particular emphasis has been placed on the study of ACh in the aged brain. Recent studies have demonstrated that the stimulated release of ACh is compromised in the aged rat brain (Pedata et al., 1983 (Pedata et al., , 1985 Meyer et al., 1984 Meyer et al., , 1986 Vannucchi and Pepeu, 1987; Takei et al., 1989) . However, whether this reduction in ACh release is consequent to a change in cholinergic autoreceptor function has not been extensively studied.
Several studies have demonstrated age-related decrements in ChAT activity (Dravid, 1983; Pintor et al., 1988; Michalek et al., 1989; Wailer and London, 1989) , depolarization-induced ACh release (Pedata et al., 1983 (Pedata et al., , 1985 Meyeret al., 1984 Meyeret al., , 1986 Vannucchi and Pepeu, 1987; Takei et al., 1989) , and muscarinic binding site density (Gurwitz et al., 1987; Surichamom et al., 1988; Michalek et al., 1989; Wailer and London, 1989) in the aged rodent brain. However, results showing insignificant agerelated changes in ChAT activity (Meek et al., 1977; Strong et al., 1980 Strong et al., , 1986 London et al., 1985; Norman et al., 1986) , ACh release (Sims et al., 1982) , and muscarinic binding sites (Morin and Wasterlain, 1980; Springer et al., 1987) have also been reported. In contrast, studies on the status of nicotinic binding sites in animal models of aging have not been previously documented.
Therefore, the main goal of the present experiments was to determine whether nicotinic and muscarinic autoreceptor regulation of ACh release in the rat brain is altered with age. For this, we tested the sensitivity of various brain regions in young and old rats to 3H-N-methylcarbamylcholine (MCC) and 1 l-
] benzodiazepin-6-1 (AF-DX 116) drugs known to enhance ACh release from tissue slices of young rats (Araujo et al., 1988b; Lapchak et al., 1989a, b, c) . In view of the conflicting evidence about age-related changes in presynaptic cholinergic markers, we tested whether various cholinergic markers are reduced in the aged rat brain. First, we assessed whether aging affects cholinergic binding sites in the rat brain by using JH-MCC, jH-AF-DX 116, and 3H-pirenzepine to selectively label nicotinic and muscarinic-M, and -M, sites, respectively. Second, we measured ChAT activity and ACh release in various regions of young (3-month-old), adult (9-month-old), and aged (27-month-old) rats. The results demonstrate that aging provokes marked alterations in muscarinic, but not nicotinic, autoreceptor function in the hippocampus and cerebral cortex and significant reductions in presynaptic cholinergic markers in all forebrain regions studied. butyronitrile (10 mgml). Samples were shaken and centrifuged in a microfuge. ACh was recovered from the organic (top) phase by shaking with a half volume of AgNO, (0.12 M), as described by Fonnum (1969a) . Excess silver was precipitated by the addition of 20 ~1 MgCI, (1 M) per sample. Samples were then lyophilized and redissolved in 32 ~1 of a reaction medium containing ATP (0.8 mM), dithiothreitol(5 mM), MgCl, (12.5 mM). alvcvlalvcine (25 mM: DH. 8.3). and choline kinase (0.005 U). These'sampies were incubated at 3pC'for 45 min to phosphdrylate the endogenous choline in the samples. Following this, a solution (10 ~1) containing AChE (2 U) and '*P-ATP (approximately 0.75 PCi) was added to each sample. which was then reincubated for 45 min at 30°C.
Materials and Methods
Materials. Young (2-month-old) male Long-Evans rats were purchased from Charles River Breeding Farms (St. Constant. Ouebec) and maintained in temperature-contr&ed animal quarters, 'with food and water During this second incubation, sample ACh was hydrolyzed, and the ad libitum, fo; l-25 months. 'H-MCC (86.6 Ci/mmol), JH-pirenzepine (72 Ci/mmol). ZH-AF-DX 116 (62-8 1 Ci/mmol). '*P-ATP (2-10 Ci/ Preparation and incubation of tissueslicesfor measures ofACh release. Brain slices were prepared as described previously (Araujo et al., 1988b; Lapchak et al., 1989a, b, c) . Rats (3-, 9-, and 27-month-old) were decapitated, and their brains were rapidly removed into ice-cold Krebs medium (composition, in mM: NaCl, 120; KCI, 4.6; CaCI,, 2.4; KH,PO,, 1.2; MgSO,, 1.2; glucose, 9.9; NaHCO,, 25); this was equilibrated with 5% CO? in O2 to maintain a pH of 7.4 at 37°C. Then, hippocampi, frontal cortices, striata, and cerebella from each age group were dissected and sliced using a McIlwain tissue chopper (set at 0.2 mm thickness). Slices (30-105 mg tissue) were preincubated in normal Krebs medium (0.5 ml) containing physostigmine sulfate (30 PM) and choline chloride (10 PM) for a recovery period of 60 min, with 1 change of medium. Media were separated from tissue slices by centrifugation in a microfuge. For a measure of evoked ACh release from slices, tissues were incubated in Krebs medium containing a depolarizing concentration of K+ (25 mM), with equimolar reduction of NaCl.
In experiments that tested the effects of MCC on ACh release, tissues (hippocampi, frontal cortices, and cerebella) were first incubated in normal Krebs medium for 10 min, and media were collected for a measure of basal ACh release, after which slices were incubated in the same medium containing various (0.1-100 FM) concentrations of MCC. In an additional set ofexperiments that tested the effects ofMCC on evoked ACh release, hippocampal and cerebral cortical slices from 3-monthold rats were first incubated (10 min) in normal Krebs medium, followed by a IO-min incubation in 25 mM K+ Krebs medium (Sl); media were collected for a measure of basal and evoked ACh release, respectively. Slices were reincubated in normal Krebs medium for a IO-min washout period. Following this, cortices were exposed first to normal Krebs medium (10 min) and then to 25 mM K+ Krebs medium (10 min) containing MCC (0. I-100 PM) (S2). In experiments that tested the effects of AF-DX 116 on ACh release, tissues (hippocampi, frontal cortices, and striata) were similarly incubated, but for 20-min periods, with a 30-min washout period prior to incubations with various concentrations (0.1-100 PM) of the drug. For each tissue, only 1 concentration of the drug was tested. Viability of the tissue slices was verified by comparing the release of ACh during S2 to that in S I. In the aged (27-month-old) rats, the ratio of S2:Sl was not lower than 0.71 in striata and 0.86 in hippocampi and cerebral cortices.
For each rat, MCC was tested in one tissue, while AF-DX 116 was tested in the corresponding contralateral tissue. In all cases, the incubation medium contained choline chloride (10 PM) to support ACh synthesis and physostigmine sulfate (30 PM) to allow collection of ACh. ACh release in slices incubated without drug represents control (100%) release; ACh release in the presence of drug is expressed as a percent of this value.
Assay ofACh. ACh release from slices of rat brain tissue was determined by the radioenzymic assay of Goldberg and McCaman (1973) as described by Araujo et al. (1988b) . ACh was extracted from media in which slices were incubated by adding an equal volume of TPB in choline thus formed was phosphorylated to )2P-phosphorylcholine. After the reaction was terminated by the addition of 300 ~1 ice-cold NaOH (50 mM), radioactive phosphorylcholine was separated from unchanged '*P-ATP by ion-exchange chromatography on Amberlite CG-400 (converted to formate form) columns, which had been equilibrated (pH, 12.0) previously with NaOH (50 mM). Phosphorylcholine was eluted with 2.5 ml of NaOH (50 mM). For each experiment, standard amounts of ACh dissolved in the same medium as the test samples were extracted and assayed along with the test samples.
Assayfor ChAT activity. ChAT activity in various tissues of the rat brain was determined by the method of Fonnum (1969b) , as modified by TuEek (1978) . Tissues were homogenized in a medium of the following composition: NaCl(200 mM), sodium phosphate buffer (pH, 7.4; 40 mM); Triton X-100 (0.5%). Samples (35 ~1) were then incubated (38°C. 30 min) in a medium (15 ~1) containina unlabeled acetvl CoA and 14C-acetyl'CoA (for a final concentration 07 0.25 mM acetyi CoA), choline chloride (12.5 mM), physostigmine sulfate (0.2 mM), NaCl(300 mM), Na-phosphate buffer (pH, 7.4; 28 mM), bovine serum albumin (0.5 mgml), and Triton X-100 (0.35%). The reaction was terminated by the addition of TPB/heptanone (15 mg/ml), which extracts the 14C-ACh, but not the 14C-acetyl-CoA. Radioactivity in the top organic phase was determined by liquid scintillation spectrometry.
Binding of 'H-MCC to brain nicotinic sites. Membrane-enriched homogenates were prepared from rat brain tissues, and IH-MCC binding was measured under equilibrium conditions, as described previously (Araujo et al., 1988b; Lapchak et al., 1989a, b) . Hippocampi, cerebral cortices, striata, cerebella, and thalami from young (3-month-old), adult (9-month-old) and old (27-month-old) rats were dissected from brains and homogenized with a Brinkmann Polytron (setting 6,20 set) in buffer of the following composition (in mM): Tris-HCl, 50; NaCI, 120; KCl, 5; CaCl,, 2; MgCl,, 1 (pH, 7.4). Homogenates were centrifuged for 10 min at 49,000 x g, after which supematants were discarded and the pellets washed twice by resuspending in fresh buffer and recentrifuging. The final membrane pellets were suspended in buffer. Aliquots of homogenate (100-300 pg protein) were incubated in buffer (composition as above) with various concentrations of 'H-MCC (0.1-30 nM) for 60 min at 4°C in a total vol of 0.5 ml. Bound ZH-MCC was separated from free ligand by rapid filtration under reduced pressure using a Brandel Cell Harvester apparatus (Gaithersburg, MD) through GF/B filters presoaked in 0.5% polyethyleneimine to reduce binding to filters. Filters were washed raoidlv with ice-cold Tris-HCI (50 mM) buffer (4 x 4 ml). Specific binding was calculated as the difference in radioactivity bound in the absence and in the presence of 10 PM nicotine; this represented 60% of the total binding at concentrations approximating the Kd value.
Binding of jH-pirenzepine to brain muscarinic-M, sites. 'H-Pirenzepine binding was measured under conditions where equilibrium binding was achieved (see Lapchak et al., 1989~) . Tissues were homogenized in Krebs buffer of the following composition (in mM): NaCl, 120; Mg-S0,.7H,O, 1.2; KH,PO,, 1.2; glucose, 5.6; NaHCO,, 25; CaCI,, 2.5; KCI, 4.7 (pH, 7.4) . Aliquots of the final membrane pellets were incubated in Krebs buffer with various concentrations of 'H-pirenzepine (0.1-50 nM) for 60 min at 22°C. Termination of binding assays was as described above for 3H-MCC binding. Specific binding was defined in the presence of 1 PM atropine sulfate and represented 85-88% of the total binding at concentrations close to the Kd.
Binding of 'H-AF-DX 116 to brain muscarinic M, sites. 'H-AF-DX 116 binding was measured under conditions where equilibrium binding was achieved as described previously . Membranes were prepared as described for 'H-pirenzepine binding above. Aliquots of the final membrane pellets (200-400 pg) were incubated in Krebs buffer containing various concentrations of )H-AF-DX 116 (2-l 00 nM) for 60 min at 4°C. Bound 'H-AF-DX 116 was separated from free by rapid filtration as described above. Specific bind-ing was calculated as the difference in radioactivity bound in the absence and in the presence of 1 PM atropine sulfate; this represented approximately 55% of the total binding at concentrations close to the Kd value.
Protein assays. Protein was measured by the method of Lowry et al. (195 I) , using bovine serum albumin as a standard. Tissue samples were dissolved in 1 M NaOH at 70°C for 30 min.
Analysis of binding data. All binding data were derived from the saturation experiments for 3H-MCC, 'H-pirenzepine, and 'H-AF-DX 116. Values for the Kd and B,,, were obtained by computerized analysis using LIGAND by Munson and Rodbard (1980) , as modified by G. A. McPherson (Elsevier Biosoft, 1985) .
Determination of radioactivity. Radioactivity was determined by liquid scintillation spectrometry using Scintiverse 2 as the solvent. Efficiencies of counting were approximately 100% for )2P (ACh assay), 85% for 14C (ChAT assay), and 40% for 3H (binding assays for MCC, pirenzepine, AF-DX 116).
Statistical analyses. Results are expressed as means +-SEM of the number of experiments indicated. ACh release in brain slices incubated in the presence of a drug was compared to that measured in a preceding incubation period, during which the same tissue slices were exposed to the same medium, but without any drug. Thus, each experimental value could be compared to its own individual control value for the same tissue. Therefore, statistical significance was determined using Student's paired t test, by comparing ACh release in the presence of a drug to that in its absence (control). Statistical differences in choline& parameters for the older (9-and 27-month-old) rats compared to the young (3-month-old) rats were assessed using Student's unpaired t test, after oneway analysis of variance (ANOVA). Thus, the drug effects on ACh release (expressed as percent control), the basal and evoked release of ACh in the absence of drugs, and the activity of ChAT in the aged animals were compared to the values obtained for the corresponding tissue in the young (3-month-old) group.
Results l?flects of aging on cholinergic nicotinic autoreceptor function and nicotinic binding sites in the rat brain Nicotinic autoreceptor function. To determine if nicotinic autoreceptor function is altered in the aged rat brain, we tested the effects of unlabeled MCC on spontaneous ACh release from tissue slices. In previous studies, we showed that MCC increases spontaneous ACh release in hippocampal, frontal cortical, and cerebellar, but not striatal, slices of young Sprague-Dawley rats by activating presynaptic nicotinic receptors (Araujo et al., 1988b; Lapchak et al., 1989a, b) . Furthermore, the potassium-evoked release of ACh in these tissues was found to be unaffected by MCC. However, in view of certain species and strain differences in cholinergic parameters that have been observed in aged rodents (Gilad and Gilad, 1987; Michalek et al., 1989 ) the present experiments first verified whether MCC also enhances ACh release in brain slices of Long-Evans rats. The results confirm that MCC increases spontaneous ACh release from slices of cerebellum ( Fig. 1 A) , hippocampus (Fig. lB) , and frontal cortex (Fig.  1 C) ofyoung (3-month-old) rats. Moreover, release from striatal slices was not affected (103.4 k 5.6% control) by the drug. In addition, the potassium (25 mM)-evoked release of ACh from cortical slices of young rats was not augmented by MCC (range, 93-l 06% control).
As shown in Figure 1 , in the young (3-month-old) rats, 10m6 and 10 5 M MCC significantly augmented ACh release (Fig. 1) . This increase ranged from 43 to 74 percent of control (release without drug). With the exception of the hippocampus, no significant modifications of the MCC-induced increase in ACh release were apparent in the 9-month-old rats (Fig. 1) . In these animals, the ability of MCC to increase ACh release from hippocampal slices was apparent only at higher concentrations of drug ( 10m5, 1O-4 M; Fig. 1B) . Similarly, in the 27-month-old group, the concentrations of MCC required to enhance ACh Effects of the nicotinic agonist MCC on spontaneous release of endogenous ACh from brain slices of young (3-month-old; open circles), adult (9-month-old; solid triangles), and old (27-month-old; solid circles) rats. Cerebellar (A), hippocampal (II), or frontal cortical (c) slices were incubated in normal-potassium Krebs medium in the presence or absence (control) of various concentrations of MCC. Results are expressed as percent control (release in the absence ofdrug measured during a preceding incubation period) and are the means -C SEM of 4-5 experiments for each concentration of drug tested. The overall control (no drug) value (I 00%) for basal ACh release from brain slices of young rats was 0.20 + 0.07, 1.58 + 0.15, and 1.39 + 0.10 pmol/mg tissue/ IO min for the cerebellum, hippocampus, and frontal cortex, respectively. *, p < 0.05; **, p < 0.01; ***, p < 0.001; compared to release for the same tissue, but in the absence of drug.
release (1 Om5, 1 Om4 M) in hippocampal (Fig. 1 B) and frontal cortical ( Fig. 1 C) slices were higher than for the 3-month-old rats. In contrast, there was no apparent shift in concentration of the MCC effect in the cerebellum of the aged rats (Fig. 1A) .
Nicotinic binding sites. To test whether the density or affinity of nicotinic binding sites is altered in the aged, compared to the young rats, 3H-MCC binding was measured in various brain regions. As described previously, 3H-MCC bound specifically, saturably, and with high affinity to brain nicotinic sites (Abood and Grassi, 1986; Boksa and Quirion, 1987; Araujo et al., 1988a, Binding data were derived from full saturation analysis. Brain homogenates from 3-, 9-, and 27-month-old rats were prepared as described in the text and incubated in buffer containing various concentrations of 'H-MCC (l-30 nM) for 60 min at 4°C. B,,, is the maximal binding capacity (10 IX mol/mg protein), and Kd is the apparent affinity of binding (nM). Values are the mean f SEM of 4-5 experiments; each concentration was tested in triplicate. *, p i 0.05; **, p i 0.01; ***, p i 0.001; compared to 3-month-old group.
b; Lapchak et al., 1989a, b) . The only apparent difference in 3H-MCC binding parameters between the 3-and 9-month-old rats was a reduction (29.7%) in the density (B,,,) of 'H-MCC sites in the cerebral cortex (Table 1) . Binding was not affected in the other brain regions tested (Table 1 ). In the 27-month-old rats, a decrease of similar magnitude in the density of cortical 3H-MCC binding sites was measured (Table 1 ). In addition, significant reductions (34-56%) in site densities were found in other forebrain regions (striatum, hippocampus) of the old, compared to the young rats, but not in the cerebellum or thalamus (Table  1 ). The decrease in 'H-MCC binding sites was the result of a reduction in the B,,, and not due to an alteration in the affinity of binding, because there were no differences in the Kd value for the corresponding tissue in the 3 age groups (Table 1) .
Eflects of aging on cholinergic muscarinic autoreceptor function and muscarinic binding sites in the rat brain Muscarinic autoreceptor function. To determine whether muscarinic-M2 autoreceptor function is affected in the aged rat brain, we tested the effects of unlabeled AF-DX 116 on ACh release from tissue slices. As described previously, AF-DX 116 significantly enhances the evoked, but not the spontaneous, release of ACh from several forebrain tissues in young Sprague-Dawley rats . The present experiments demonstrate that AF-DX 116 also augments ACh release in striatal ( Fig. 2A) , hippocampal (Fig. 2B) , and frontal cortical (Fig. 2C ) slices from young (3-month-old) Long-Evans rats; this increase ranged between 20-46% compared to control (release in the absence of drug). Because an earlier study demonstrated that muscarinic autoreceptor regulation ofACh release is not evident in slices of cerebellum (Lapchak et al., 1989b) , effects of AF-DX 116 in this tissue were not tested.
In the 9-month-old group, the ability of AF-DX 116 to enhance evoked ACh release from slices was not significantly dif- as percent control, that is, release in the absence of drug measured during a preceding incubation period in the same tissue, and are the means k SEM of 4-5 experiments for each concentration of drug tested. The overall control (no drug) value (100%) for evoked ACh release from brain slices of 3-month-old rats was 15.6 k 1.2, 8.7 * 0.9, and 4.7 + 0.7 pmol/mg tissue/20 min for the striatum, hippocampus, and frontal cortex, respectively. The ratio of S2:Sl ranged between 0.86 and 1.23 for hippocampal and frontal cortical slices of aged (27-month-old) rats. *, p < 0.05; **, p < 0.01; compared to release in the absence of drug.
ferent from that in the 3-month-old rats (Fig. 2) . In the 3 brain regions tested, the maximal increases in ACh release induced by AF-DX 116 were similar in the 2 groups of younger rats (Fig.  2) . In contrast, several differences in the AF-DX 116 effect in the aged rats are apparent. In striatal slices, the effect of AF-DX 1 16 is slightly elevated in the old rats ( Fig. 2A) , whereas in both hippocampal (Fig. 2B ) and cortical ( Fig. 2C ) slices, the effect of the drug appears to be diminished. In the latter tissues, the effects of AF-DX 116 are variable, and though the drug did not significantly alter ACh release, modest increments in ACh release in the aged animals were apparent (Fig. 2, B, C) . The levels of ACh released from hippocampal and cortical slices of the aged rats during S2 were not significantly lower than during Sl (S2:Sl range, 0.86-1.23) suggesting that the reduced effectiveness of AF-DX 116 in the aged group did not result from a time-dependent loss of tissue viability.
Muscarinic-A4, binding sites. To assess the effects of aging on muscarinic-M, binding site parameters, 3H-AF-DX 116 binding in homogenates of several brain regions was studied. As described in earlier studies, 3H-AF-DX 116 selectively labels muscarinic-Mz sites in the rat brain (Wang et al., 1987a, b; Araujo et al., 1989; Regenold et al., 1989) . The results from the present study indicate that marked reductions (28-54%) in )H-AF-DX 116 binding site densities can be detected in the cerebra1 cortex, striatum, hippocampus, and thalamus as early as 9 months (Table 2). By 27 months, 3H-AF-DX 116 binding in these brain regions is further diminished, with decreases in binding of between 35-71% (Table 2 ). In both groups of older rats, no significant alterations of )H-AF-DX 116 binding in the cerebellum were found (Table 2 ). The reductions in 3H-AF-DX 116 binding in the older rats were clearly due to changes in the densities of sites and not the affinity of binding, because the Kd was not altered in any of the brain areas (Table 2) .
Muscarinic-M, binding sites. To determine whether muscarinic-M, binding parameters are altered with age, 3H-pirenzepine binding was measured in several brain regions of young and old rats. As reported previously (Watson et al., 1984; Lapchak et al., 1989a, b, c) , )H-pirenzepine bound specifically and saturably to a single class of high-affinity sites in all brain regions studied. The results demonstrate that the effects of aging on 3H-pirenzepine/muscarinic-M, binding parameters appear to be modest (Table 3) . For example, only small increases (1 l-17%) in the density of 3H-pirenzepine sites in the striatum and hippocampus of the 9-compared to the 3-month-old rats were observed, but these changes did not reach statistical significance (p > 0.10). In the 27-month-old rats, these increases in 3H-pirenzepine binding in the striatum and hippocampus were no longer apparent; instead, significant reductions (19-33%) in 3H-pirenzepine binding in the cerebra1 cortex and thalamus were measured (Table 3 ). In contrast, the apparent affinity of binding of this subtype of muscat-uric site was not changed with age (Table 3) .
Effect of aging on ACh release from rat brain slices To determine whether endogenous ACh release is attenuated with age, we measured the basal and potassium-evoked release of ACh from brain slices of 3-, 9-, and 27-month-old rats. The basal release of ACh was measurable in tissue slices from all brain regions of the 3 age groups (Fig. 3A) . Furthermore, compared to the 3-month-old group, the basal release of ACh in most brain regions of the 9-and 27-month-old rats was not significantly altered (Fig. 3A) . In striatal slices, a small reduction (14-23%) in spontaneous ACh release was measured (Fig. 3A) .
Incubation of tissue slices in Krebs medium containing a depolarizing concentration of K' (25 mM) resulted in a substantial increase in ACh release over the basal efflux (Fig. 3) . However, the magnitude of this increase is smaller in the old (27-month-old) rats; K+ depolarization increased ACh release by only 54-86%, compared to 89-194% in the younger (3-and 9-month-old) rats. In the 9-month-old group, the potassiumevoked release ofACh in all tissues was not significantly different from that in the 3-month-oldgroup (Fig. 3B) . In contrast, marked reductions (2545%) in the potassium-evoked release of ACh from brain slices of 27-month-old, compared to 3-month-old rats, were evident (Fig. 3B) . , and 27-(solid bars) month-old rats. Striatal (s), hippocampal (H), frontal cortical (F), and cerebellar (C) slices were incubated in normalpotassium Krebs medium, and the ACh content of media was assayed for a measure of spontaneous ACh release (4). In B, the potassiumevoked release of ACh was determined. Results are the mean & SEM of 16 experiments for each tissue in each age group. Evoked release of ACh was significantly decreased in all brain regions of the 27-monthold rats (B). Basal ACh release was altered only in the striatum (A). *, p < 0.05; **, p < 0.01; ***, p < 0.001; compared to the 3-month-old rats.
Effect of aging on ChAT activity in various regions of the rat brain To determine whether brain ChAT activity is altered in normal aging, we measured ChAT activity in the striata, hippocampi, frontal cortices, and cerebella of young (3-month-old), adult (9-month-old), and old (27-month-old) rats. In all brain regions studied, the activity of ChAT was not significantly different in the 9-month-old compared to the 3-month-old rats (Fig. 4) . In the 27-month-old group, ChAT activity was significantly lower than in the 3-month-old rats in all brain regions except the cerebellum (Fig. 4) . ChAT activity in the 27-month-old rats was reduced by 25,48, and 37% in the striatum, hippocampus, and frontal cortex, respectively (Fig. 4) . S H F C Figure 4 . ChAT activity in homogenates of striatum (s), hippocampus (H), frontal cortex (FL and cerebellum (0 of 3-(ooen bars). 9-(hatched &a&), and 27-(solid bars) month-old rats. The results are'presknted as nmol ACh formedmg protein/hr and are the mean f SEM of 16 values in teach tissue for each age group. ChAT activity was significantly reduced in all tissues of aged (27-month-old) rats, with the exception of the cerebellum. *, p < 0.05; **, p < 0.01; compared to the 3-monthold group.
Discussion
The main objective of the present work was to study the effects of aging on cholinergic autoreceptor function in various regions of the rat brain. First, we tested whether the ability of the nicotinic agonist MCC or the muscarinic-M, antagonist AF-DX 116 to enhance ACh release from rat brain slices is altered with age. Second, we assessed whether age-related changes in cholinergic autoreceptor function may be consequent to deficits in presynaptic cholinergic markers such as ChAT activity, basal and evoked ACh release, and 3H-MCC/nicotinic, 3H-AF-DX 116/ muscarinic-Myl, binding sites. The results show that normal aging provokes significant decrements in muscarinic, but not nicotinic, autoreceptor function in rat forebrain structures. In addition, large reductions in ChAT activity, evoked ACh release, and nicotinic and muscarinic-M, binding sites in the aged rat forebrain were also observed. In the cerebellum, no age-related changes in presynaptic cholinergic processes were detected. Previous studies showing that oxotremorine decreases ACh release in the hippocampus (Consolo et al., 1986) and in cortical synaptosomes (Meyer et al., 1984) of young, but not old, rats suggest that aging impairs muscarinic autoreceptor function. In agreement with this, we found that the effect of the muscarinic-M, antagonist to enhance evoked ACh release from hippocampal and cortical slices of aged rats is attenuated. This implies that minimal stimulation of muscarinic-M, autoreceptors by an endogenous transmitter occurs in the hippocampus and cerebral cortex of aged rats. In contrast, the ability of AF-DX 116 to increase ACh release in striatal slices appeared to be enhanced in the old compared to the young rats, even though the density of muscarinic-Mul, receptors is markedly reduced (see below). Thus, striatal muscarinic-M, autoreceptors appear to be equally sensitive to activation by endogenous ACh in aged and young rats. This supports the hypothesis that long-projection cholinergic neurons of the basal forebrain-septal areas, which constitute the major cholinergic input to the cerebral cortex and hip-pocampus, are more susceptible to the detrimental effects of aging than intemeurons, which are the primary source of cholinergic activity in the striatum (see McGeer, 1984; Strong et al., 1986; Decker, 1987) .
Conflicting reports of age-related changes in the status of muscarinic cholinergic receptor sites are apparent in both human and animal literature. In Alzheimer's disease, decreases (Mash et al., 1985; Rinne et al., 1985; Reinikainen et al., 1987; Rinne, 1987; Araujo et al., 1988a) or no effect of the disease (Palacios, 1982; Bowen et al., 1983; Cross et al., 1984; Hardy et al., 1985) on cortical muscarinic binding sites have been reported. In aged rats, marked reductions (40-50%) in the densities of muscarinic binding sites in the striatum have been frequently reported for various strains (Gilad and Gilad, 1987; Gurwitz et al., 1987; Pintor et al., 1988; Michalek et al., 1989; Waller and London, 1989) . In the hippocampus and cerebral cortex of aged rats, large (Gurwitz et al., 1987; Michalek et al., 1989; Waller and London, 1989 ) modest (18-22%; Lippa et al., 1980 Lippa et al., , 198 1, 1985 Strong et al., 1980; Pedigo et al., 1984; London et al., 1985; Pedigo and Polk, 1985; Norman et al., 1986; Gilad and Gilad, 1987) or no decreases (Morin and Wasterlain, 1980; Briggs et al., 1982; London et al., 1985; Gilad and Gilad, 1987; Springer et al., 1987) in muscarinic binding sites have been shown.
In view of the discrepancies in the literature, we thought it necessary to test whether age-related changes in muscarinic binding sites are apparent in the population of rats used in our study. Previously, only indirect experiments that tested the competition of agonists or antagonists for 3H-quinuclidinyl benzilate sites had been attempted. Consequently, we directly assessed the effects of aging on brain muscarinic sites by using )H-antagonists selective for muscarinic-M, and -M, sites. The results using jH-pirenzepine and 3H-AF-DX 1 16 to selectively label muscarinic-M, and -M, sites, respectively, clearly demonstrate the differential effects of aging on muscarinic-M, and -M, subtypes. While the densities of muscarinic-M, sites were markedly reduced (29-54%) in all forebrain structures as early as 9 months ofage and further diminished (35-66%) by 27 months, a modest decrease (19%) in muscarinic-M, site density was apparent only in the cerebral cortex of the 27-month-old rats. This suggests that muscarinic-M, receptor function may not be detrimentally affected in the aged brain. Previous results showing that muscarinic-M,-receptor-mediated phosphoinositide hydrolysis is not altered in aged rats are consistent with this hypothesis (Surichamom et al., 1989) . Because AF-DX 116 failed to increase ACh release in the hippocampus and cerebral cortex of aged rats, the reduction in muscarinic-M, sites in these regions appears to represent a loss of functional muscarinic autoreceptors. However, the reduced density of muscarinic-M, sites in the striatum of aged rats is not reflected in a deficit in autoreceptor function and thus indicates that the loss of sites may represent muscarinic-M, sites localized to noncholinergic neurons in this structure.
The existence of nicotinic autoreceptors in the hippocampus and cerebral cortex of the rat brain has been demonstrated previously (Araujo et al., 1988b , Lapchak et al., 1989a . The effect ofthe nicotinic agonist MCC to enhance ACh release from brain slices of young Sprague-Dawley rats was previously shown to be tetrodotoxin insensitive and concentration dependent, with higher concentrations (> 10m5 M) of the agonist producing no effect, presumably as a result of rapid desensitization of nicotinic receptors (Araujo et al., 1988b; Lapchak et al., 1989a, b) . In the present study, we show that the ability of MCC to enhance spontaneous ACh release from slices of hippocampus and cerebral cortex was only slightly altered with age. With the exception of the cerebellum, higher concentrations of MCC were required to augment ACh releasein the aged rat brains, though the maximal increases induced by the drug were not significantly different. This suggests that a modest compromise in the sensitivity of nicotinic autoreceptors to an endogenous transmitter may occur in the aged rats. However, it is also possible that the shift in concentration of the MCC effect may be due to a small but significant loss of presynaptic nicotinic sites that normally function to regulate ACh release. Moreover, the increased effectiveness of 1 O-4 M MCC to enhance ACh release from cortical and cerebellar slices of the older rats suggests that nicotinic receptors in the aged animals may not desensitize as rapidly as in the young ones.
In contrast to muscarinic receptors, little is known about the status of nicotinic receptors in the aging mammalian brain. Several studies have determined that the density of nicotinic sites is diminished in the human brain in Alzheimer's disease (Flynn and Mash, 1986; Quit-ion et al., 1986; Shimohama et al., 1986; Whitehouse et al., 1986; Araujo et al., 1988a) . However, the consequences of normal aging on nicotinic receptor sites in the human brain have not been extensively studied. Flynn and Mash (1986) and Kellar et al. (1987) have reported age-related decreases in the densities of 3H-nicotine and 3H-ACh sites, respectively, in postmortem tissue from cerebral cortices of nonneurological control subjects. Prior to the present work, extensive studies of nicotinic binding sites in animal models of aging had not been reported. Our results clearly show that the densities of nicotinic binding sites, as assessed using 'H-MCC as ligand, are markedly reduced (34-56%) in most forebrain areas of the aged (27-month-old) rats. No significant difference in 3H-MCC binding in thalamus or cerebellum of aged compared to young rats was seen. This suggests that nicotinic receptor sites in the latter structures are not as sensitive to the effects of aging as those in the cerebral cortex, striatum, and hippocampus. With the exception of the cerebral cortex, where there was a 30% decrease in the density of nicotinic sites, 'H-MCC binding was not different in the 9-month-old compared to the 3-month-old rats. Thus, it appears that nicotinic receptor sites are less susceptible to the effects of aging than muscarinic-M, sites. Furthermore, the progressive decrease in forebrain muscarinic-M, sites with aging suggests that studying the status of these sites may be a useful diagnostic tool to determine the progression of degenerative processes associated with both normal aging and disease.
To further characterize the population of rats used in our study, we determined whether presynaptic markers of brain cholinergic neurons are altered with age. Previous studies have concentrated on measuring ACh content, high-affinity choline uptake, and ChAT activity in nerve terminals. The ACh content (Meek et al., 1977; Sherman et al., 198 1; Consolo et al., 1986) and high-affinity choline uptake (Meyer et al., 1984; Consolo et al., 1986) in nerve terminals of the cerebral cortex, striatum, or hippocampus do not appear to be altered in the aged rodent brain. Although recent studies have attempted to characterize the release process of ACh in the aged rodent brain, several inconsistencies, which may be attributable to differences in the rat strains tested, as well as differences in experimental procedures, are evident from the release data. In the cerebral cortex and hippocampus, the depolarization-induced (Pedata et al., 1983 (Pedata et al., , 1985 Meyer et al., 1984 Meyer et al., , 1986 ; Vannucchi and Pepeu, i n the Aged Rat Brain Takei et al., 1989 ) and the basal (Sastry et al., 1983; Consolo et al., 1986) release of ACh were shown to be significantly altered with age. In contrast, Sims et al. (1982) failed to demonstrate an effect of aging on the potassium-evoked release of ACh in prisms of the rat cerebral cortex.
The present experiments show that there is a deficit in the potassium-evoked, but not the spontaneous, release of endogenous ACh from cortical and hippocampal slices of aged (27-month-old) Long-Evans rats. These results are in agreement with previous studies that used different rat strains, experimental procedures, and assays to measure ACh (Pedata et al., 1983 (Pedata et al., , 1985 Vannucchi and Pepeu, 1987; Meyer et al., 1984 Meyer et al., , 1986 Takei et al., 1989) . In addition, we also observed a marked agerelated deficiency in the potassium-evoked release of ACh from striatal slices. In this tissue, basal ACh release was also altered in the aged rats, though the decrease was small (14%) compared to that for potassium-evoked (36%) release. Thus, the main dysfunction in cholinergic neurotransmission in the aged rat brain appears to be associated with a deficit in depolarizationrelease coupling. The age-related decrease in evoked ACh release may be consequent to a change in voltage-sensitive calcium influx during depolarization or to a process distal to calcium uptake. Certainly, altered calcium availability or mobilization could account for the potassium-evoked ACh release observed in the aged rat brains. Some support for this has been obtained from in vitro studies using synaptosomes prepared from aged rat cerebral cortex (Gibson and Peterson, 1981; Meyer et al., 1986; Pepeu et al., 1986) . However, though reduced calcium influx during depolarization was shown (Gibson and Peterson, 198 1; Pepeu et al., 1986 ), a clear relationship between this and decreased ACh release was not evident. Meyer et al. (1986) reported that aging decreases the sensitivity of synaptosomes to calcium-ionophore-induced ACh release, suggesting that decreased transmitter release in the aged rat brain may occur subsequent to voltage-sensitive calcium entry during depolarization. Therefore, the relationship between impaired depolarization-induced calcium availability and altered ACh release in the aged rodent brain remains to be elucidated.
The age-related reduction in the potassium-evoked release of ACh in brain slices was apparent in the 27-but not 9-monthold rats. At present, it is not clear at what age the release mechanism in the rat brain is first compromised, but it has been suggested that there may be a critical period during which the ACh release process is most susceptible (Vannucchi and Pepeu, 1987) . Furthermore, the larger decrement in ACh release in the striatum and hippocampus, compared to the cerebral cortex, is indicative of regional differences in the sensitivity of the transmission process to the detrimental effects of aging. Earlier studies of ChAT activity in the aged rat brain have produced inconsistent results that may be attributable not only to sex and strain differences, but also to tissue dissections and preparations (see, e.g., Springer et al., 1987) . Both reductions (Strong et al., 1980; Dravid, 1983; Gilad and Gilad, 1987; Springer et al., 1987; Pintor et al., 1988; Michalek et al., 1989; Waller and London, 1989) or no change (Meek et al., 1977; London et al., 1985; Norman et al., 1986; Strong et al., 1986) in ChAT activity in various regions of the aged rat brain have been reported. In the present study, we found that ChAT activity is significantly decreased in the striatum, hippocampus, and cortex of aged (27-month-old) rats. This effect appears to be specific to the aged rats, because no reduction in ChAT activity was observed in the 9-month-old group. Moreover, the agerelated reductions in ChAT activity may be specific to forebrain regions, because cerebellar ChAT activity was not affected. In Alzheimer's disease, significant deficits in presynaptic cholinergic parameters such as ChAT activity, muscarinic-Mviz, and nicotinic receptor site densities in cortical and hippocampal structures have been reported (Bowen et al., 1976; Davies, 1979; Mash et al., 1985; Flynn and Mash, 1986; Shimohama et al., 1986; Whitehouse et al., 1986; Araujo et al., 1988a) . The present study demonstrates that similar deficiencies occur in these structures in the aged rat brain. Furthermore, we show that the deficit in muscarinic-M2 receptor sites in aged animals likely represents a loss of functional muscarinic autoreceptors.
In addition, Pilch and Muller (1988) have demonstrated that muscarinic receptor plasticity appears to be lost in aged animals. Therefore, attempts to ameliorate memory impairments associated with the cholinergic deficit in these structures in Alzheimer's disease (see Bartus et al., 1982) by increasing in vivo ACh release with muscarinic-Mvl, antagonists may be a difficult endeavor. Conversely, the sensitivity of nicotinic autoreceptors in the rat cerebral cortex and hippocampus appears to be only modestly altered with age, suggesting that enhancement of ACh release by activating nicotinic autoreceptors with agonists may be useful in the treatment of Alzheimer's disease. Preliminary evidence from clinical studies has demonstrated that administration of nicotine either intravenously Sunderland et al., 1988) or by cigarette smoking (Revell, 1988) to patients suffering from Alzheimer's disease appears to improve performance on some memory tasks.
